INTRODUCTION {#sec1-1}
============

The electromagnetic field generated from the extremely low frequencies (30-300 Hz) to radiofrequency and microwaves (100 kHz-300 GHz) is usually recognized as non-ionizing radiation. Microwave radiation is a part of non-ionizing electromagnetic radiation present in the environment and this radiation has become a threat to human health since the introduction of wireless communication system and its increased usage.\[[@ref1][@ref2]\] The environmental issues surrounding mobile phones are proving to be a sizeable challenge. The potential adverse effects of these non-ionizing radiations may depend on their accumulation over a long period of time. Public concerns about possible hazardous effects of exposure to these frequencies are increasing in our society due to increased usage of devices such as mobile phones, TV, Wi-Fi, etc.

Effect of microwave radiation exposure on induction of deoxyribonucleic acid (DNA) damage is a subject of keen interest. Studies reporting *in vivo* and *in vitro* genotoxic effects of microwave radiation exposure are contradictory and intriguing.\[[@ref3][@ref4]\] Vijayalaxmi *et al*.,\[[@ref5]\] have reported no evidence for induction of DNA single-strand breaks in human blood lymphocytes exposed *in vitro* to pulsed-wave 2450 MHz radiofrequency radiation for 4 h. McNamee *et al*.,\[[@ref6]\] have not found evidence of genotoxicity in human blood cell cultures after 24 h and exposure of 1.9 GHz. In addition, some studies using experimental animals have also given contradictory reports on genotoxic effects of microwave radiation.\[[@ref7][@ref8]\]

Although, there are some studies that have reported DNA damaging effect of microwave exposure at high level, i.e., up to 1-2 W/kg of specific absorption rate (SAR), but to the best of our knowledge, there is no study until date reporting the effect of microwave radiation exposure at very low-level with various frequencies. In the present study, we tried to bridge this gap by using three frequencies at very low-level of microwave exposure in male Fischer rats. The Comet assay is a sensitive technique which has widely been used to detect biological effects of various environmental or occupational substances on DNA in humans and animals.\[[@ref9][@ref10][@ref11][@ref12]\] Hence, this technique is highly useful in evaluating the extent of DNA damage at primary level even after a duration of 30 days exposure to microwave radiation.

In view of the above, the present study was designed to assess the possible DNA damaging effects of chronic and low level microwave radiation exposure at different frequencies *viz*. 900, 1800 and 2450 MHz in brain tissue of male Fischer rats. For this purpose, the highly sensitive alkaline comet assay method was used to detect primary DNA damage.

MATERIALS AND METHODS {#sec1-2}
=====================

Microwave exposure setup and dosimetry {#sec2-1}
--------------------------------------

The gigahertz transverse electromagnetic (GTEM) cell, GTE10 is used for the microwave exposure and has been designed with the help of Center for Applied Research in Electronics (Microwave Laboratory), Indian Institute of Technology, New Delhi and Amitech Electronics Ltd. Sahibabad, Ghaziabad (U.P) to estimate biological effects of microwave radiation \[Figure [1a](#F1){ref-type="fig"} and [b](#F1){ref-type="fig"}\]. GTEM cell is a pyramidal tapered, dual terminated section with its outer cell dimension as L: 220 cm × B: 120 cm × H: 80 cm. Microwaves are generated from microwave generator SMC 100 (Rohde and Schwarz GmbH and Co, Germany). The microwave source consists of a signal generator operating at frequency range from 9 KHz to 3.2 GHz, an amplifier, a direct current DC regulator and a power meter. During the exposure rats were restrained in a L: 30 cm × B: 15 cm × H: 20 cm closed box divided into four compartments with holes of 1 cm diameter to facilitate easy movement and breathing, kept at a distance of 100 cm from source. One box can hold four rats and two such boxes can be placed within the GTEM cell, thus, 8 rats can be exposed at a time in GTEM cell. The microwave chamber is lined with absorbers which minimize the possibility of any reflections. Electric field has been experimentally checked by using an E-field probe inserted into the transverse electromagnetic (TEM) cell through a slit wall. The GTEM cell was placed in a temperature controlled room under constant lighting conditions. SAR distribution was calculated by Power Balance Method using the equation:\[[@ref13]\]

![(a) Schematic diagram of microwave exposure setup (b) Photograph of gigahertz transversal electromagnetic cell](TI-20-19-g001){#F1}

P~abs~ per mouse = 1/n (P~in~ − P~out~ − P~refl~)

Where, P~abs~ = radiofrequency RF power in watt absorbed per animal, *n* = number of animals within the cell, P~in~ = input power (Watt), P~out~ = output power (Watt) and P~refl~ = reflected power (Watt).

Animal exposure {#sec2-2}
---------------

Male Fischer-344 rats weighing 150-200 g were obtained from central animal house facility of the institute and placed in individual raised, galvanized wired cages, kept under standard conditions (temperature 22 ± 2°C) under alternating 12 h light and dark cycle. They were provided with nutritionally adequate standard diet obtained from Nutrilab (Bangalore, India) and water *ad libitum*. Animals were divided into four groups (6 animals in each group): Group I (sham exposed): Animals kept under same conditions as that of other groups except microwave exposure, Group II: Animals exposed to microwave radiation at 900 MHz, SAR 5.953 × 10^−4^ W/kg, Group III: Animals exposed to 1800 MHz, SAR 5.835 × 10^−4^ W/kg and Group IV: Animals exposed to 2450 MHz at SAR 6.672 × 10^−4^ W/kg. Animals were exposed to microwave radiation in a TEM cell (Amitech Electronics Ltd, India) at above mentioned frequencies for 2 h/day, 5 days/week (power level 0.00 dBm) during light period and every day at the same time for 30 days. The sham exposed group was subjected to similar conditions except the microwave exposure. Appropriate permission was taken from Institutional Animal Ethics Committee, University College of Medical Sciences, Delhi and care of the animals was undertaken as per guidelines of Committee for the Purpose of Control and Supervision of Experiments on Animals India for laboratory animal facilities.

Deoxyribonucleic acid damage analysis using alkaline comet assay {#sec2-3}
----------------------------------------------------------------

DNA damage was evaluated using the alkaline comet assay with some minor modifications.\[[@ref14][@ref15][@ref16]\] Slides were prepared in duplicates per sample. For the comet assay experiment brain was taken out immediately from the sacrificed rats and washed with cold phosphate buffer saline (PBS). Briefly, brain was placed in 1 ml chilled mincing solution (Hank\'s balanced salt solution, with 20 mM Ethylene diamine tetra acetic acid EDTA and 10% dimethyl sulfoxide DMSO) in a petri dish and chopped into small pieces with a pair of scissors to get a uniform cell suspension. Slides were pre-coated with 600 μl of low melting agarose (LMA, 1.0%) prepared in PBS. On this first layer, 600 μl of diluted sample (50 μl cell suspension mixed with 600 μl of 0.75% LMA) was added to form the second layer. The slides were kept on ice for 5 min to allow the gel to solidify. The slides were immersed in freshly prepared chilled lysing solution containing 2.5 M NaCl, 100 mM EDTA, 10 mM Tris (pH 10) with 10% DMSO and 1% Triton X-100 added just before use. The slides remained in the lysing solution for 1 h at 4°C, followed by electrophoresis in a horizontal gel electrophoresis tank with agarose ends nearest to the anode. Fresh and chilled electrophoresis buffer (1 mM Na~2~ EDTA and 300 mM NaOH, pH \> 13) was poured into the tank up to a level of approximately 2.5 mm above the slides. The slides were left in this solution for 25 min to allow DNA unwinding and expression of alkali-labile sites as DNA strand breaks. Electrophoresis was conducted at 0.9 V/cm for 60 min at 4°C. All these steps were performed under dim light and the electrophoresis tank was covered with black paper to avoid additional DNA damage due to stray light. After electrophoresis, the slides were drained and placed horizontally in a tray. Tris buffer (0.4 M; pH 7.5) was added drop-wise and left for 5 min to neutralize excess alkali. Neutralization of slides was repeated three times and subsequently slides were dried and stored.

Dried slides were rehydrated and each slide was stained next day with 100 μl of Ethidium Bromide (20 mg/ml) for 5 min. Slides were randomized and coded to blind the scorer. All slides were scored by one person to avoid inter-scorer variability. Slides were scored using an image-analysis system (Kinetic Imaging, Liverpool, UK) attached to a fluorescence microscope (BX 51, Olympus Japan). The microscope was connected to a computer through a charge-coupled device camera to transport images to software (Komet 5.0) for analysis. Images from 100 cells (50 from each replicate slide) were analyzed. Undamaged cells had an intact nucleus without a tail and damaged cells had the appearance of a comet. To quantify DNA damage, following parameters were evaluated: Percent of DNA content in head and tail, Olive tail moment (OTM) and tail length (TL) using Komet 5.0 software (Kinetic Imaging, Liverpool, UK) as described by Tice *et al*.\[[@ref17]\]

Statistical analysis {#sec2-4}
--------------------

All values were expressed as mean ± standard error. Statistical analysis was performed with SPSS (version 16.0). Significance of differences among groups was determined by one way analysis of variance (ANOVA) followed by Tukey\'s test. Statistical significance was accepted at *P* value \< 0.05.

RESULTS AND DISCUSSION {#sec1-3}
======================

The results of the present study indicate increase in single strand DNA breaks in brain tissue of rats chronically exposed to microwave radiation. In comparison with control the comet assay performed in brain tissue established a significant increase in the percent of DNA in tail, OTM and TL \[Figures [2](#F2){ref-type="fig"}--[4](#F4){ref-type="fig"}\]. The percent of DNA migrating in to tail region was significantly enhanced (*P* \< 0.001) in all the three groups i.e., 900 MHz, 1800 MHz and 2450 MHz. Correspondingly, the percentage of DNA in head was significantly decreased in all the microwave exposed groups. The % of DNA in head and tail of group exposed at 2450 MHz was found significantly different from the 900 MHz exposed group \[[Figure 2](#F2){ref-type="fig"}\]. The OTM also increased significantly (*P* \< 0.05) in the group of animals exposed to 900 MHz as well as in animals exposed to 1800 and 2450 MHz \[*P* \< 0.01; [Figure 3](#F3){ref-type="fig"}\]. The TL of comet was also increased significantly (*P* \< 0.05) in animals exposed to 900 and 1800 MHz as well as in the animals exposed to 2450 MHz \[*P* \< 0.001; [Figure 4](#F4){ref-type="fig"}\]. However, there was no significant difference in the body weight of the rats exposed to microwave radiation as compared to controls or its initial weight.

![Percent deoxyribonucleic acid in head and tail after 30 days of exposure to microwave radiation. Values are expressed as mean±SE (6 animals per group) Significantly different from ^a^sham exposed (*P*\<0.001) and ^b^900 MHz (*P*\<0.001)](TI-20-19-g002){#F2}

![Olive tail moment after 30 days of exposure to microwave radiation. Values are expressed as mean±SE (6 animals per group) Significantly different from sham exposed group ^a^*P* \<0.05 and ^b^*P* \<0.01](TI-20-19-g003){#F3}

![Tail length (in μm) after 30 days of exposure to microwave radiation. Values are expressed as mean±SE (6 animals per group) Significantly different from sham exposed group ^a^*P* \<0.05, ^b^*P* \<0.01 and ^c^*P* \<0.001](TI-20-19-g004){#F4}

The present study aimed to find out the possible effects of chronic low-level microwave exposure on DNA damage in brain tissue of experimental rats. This study provides evidence of DNA damage after 30 days of exposure to rats with three different frequencies of microwaves, i.e., 900 MHz, 1800 MHz and 2450 MHz and at a whole body SAR value of 5.953 × 10^−4^ W/kg, 5.835 × 10^−4^ W/kg, and 6.672 × 10^−4^ W/kg respectively in a GTEM Cell. An earlier study has reported that the low intensity electromagnetic field is capable of interacting with cellular processes associated with carcinogenesis.\[[@ref18]\] The integrity of genetic material is a prerequisite for the well-being of living system and its damage is closely related to the pathophysiological condition of cells. Investigation of the biological effects of radiofrequency electromagnetic field requires the assessment of direct and indirect effects on genomic DNA and is one of the most active areas in this field. Cells are unusually sensitive to electromagnetic fields and are the primary targets of radiation.\[[@ref19][@ref20]\] The weak radiofrequency electromagnetic field may accelerate electron transfer and thereby destabilize the cellular macromolecules.\[[@ref21][@ref22]\] However, the weak electromagnetic fields are not sufficient directly to break a chemical bond in DNA. Therefore it can be concluded, that genotoxic effects are mediated by indirect mechanisms.

The comet assay also called Single Cell Gel Electrophoresis assay is a very sensitive and established genotoxicity assay for the estimation of DNA damage at the individual cell level *in vivo* and *in vitro*. The damage usually appears as single stranded and/or double stranded breaks in DNA. It is also used to measure the presence of different types of DNA altering lesions. The alkaline comet assay used in this study is based on the alkaline lysis of labile DNA at sites of damage.\[[@ref23]\] The results of the present study established that prolonged exposure of microwave radiation to rats causes DNA strand breaks in brain cells. Paulraj and Behari\[[@ref24]\] reported single strand DNA breaks in Wistar rat brain exposed to low intensity microwave radiation exposure for 35 days (2.45 and 16.5 GHz, SAR 1.0 and 2.01 W/kg respectively). However, the present study shows similar effects at even lower frequencies of microwave exposure in Fischer rats.

The present study demonstrates significant (*P* \< 0.001) increase in percentage of DNA in tail and tail moments in all groups exposed to microwave radiation. The SAR values in this study are far below the limit of 2 W/Kg for possible exposure to head in human as per the International Commission on Non-Ionizing Radiation Protection guidelines.\[[@ref25]\] Significant percentage of tail DNA in microwave exposed animals indicates that these radiations may act as genotoxic agents. Our earlier findings suggest that microwave exposure at low-levels causes alteration in cognitive function and heat shock protein levels in rat brain.\[[@ref26]\] Our another study also suggests that there is a role of microwaves in inflammation and oxidative stress.\[[@ref27]\] The results of present study are in accordance with some earlier studies suggesting that DNA damage is indeed caused by microwave exposure in humans.\[[@ref22][@ref28][@ref29][@ref30]\] Reports obtained so far on microwave radiation induced DNA damage are controversial and intriguing, and the precise mechanism of DNA strand breaks due to microwave radiation still remains unknown. However, DNA strand breaks may occur due to residual damage resulting from impairment of DNA repair or due to DNA-DNA and DNA-protein cross links and/or DNA adduct formation. Perhaps, the magnetic field created by microwave radiation could lead to generation of free radicals in the brain cells that may induce DNA strand breaks.\[[@ref8][@ref31][@ref32]\] The magnetic field components of an electromagnetic field can delay the recombination rate of free radical pairs which causes radical to stay free longer and gives them more potential to do more damage.

The results of the present study showed a significant OTM due to low level microwave exposure in the group exposed to 900 MHz (*P* \< 0.05) as well as 1800 and 2450 MHz (*P* \< 0.01) \[[Figure 4](#F4){ref-type="fig"}\]. The concept of tail moment as a metric for DNA migration was introduced by Olive *et al*.\[[@ref33]\] and called as OTM. Tail moment is the product of the TL and the fraction of total DNA in the tail. The increase in the OTM may be due to indirect induction of DNA strand breaks and/or generation of such modifications in DNA, which can be transformed into DNA strand breaks, because it is obvious that intrinsic quantum energy (E = hu) of microwaves is too low to dislodge an electron from macromolecules.

In this study, we observed significant migration in length of tail DNA in groups exposed to 900 (*P* \< 0.05), 1800 (*P* \< 0.01) MHz and in group exposed to 2450 MHz (*P* \< 0.001). It has been reported that exposure to 1800 MHz, SAR 1.2 W/kg induces DNA strand breaks in human fibroblasts and rat granulosa cells.\[[@ref33]\] The results of the present study are in accordance with earlier studies, where it has been reported that chronic exposure to microwave radiation for 35 days at 2.45 and 16.5 GHz, SAR 1.0 and 2.01 W/kg respectively, causes single strand DNA breaks in Wistar rat brain cells.\[[@ref24][@ref34]\] DNA strand breaks, if not properly repaired, are known to lead cell death. Since nerve cells do not divide and the damage accumulates, the more likely consequences of DNA damage in nerve cells may be cell death, which could either lead to or accelerate the development of neurodegenerative diseases.\[[@ref32]\] Factors that can influence DNA strand damage in a particular tissue include cell type heterogeneity, cell turnover frequency, cell cycle etc., Different cell types may have different background levels of DNA strand breaks due to variation in its metabolic activities.\[[@ref35]\] Through a homeostatic mechanism, cells maintain a delicate balance between spontaneous and induced DNA damage. DNA damage accumulates if such a balance is altered, which may in turn affect cell functions.

CONCLUSION {#sec1-4}
==========

Based on the present findings, it is concluded that chronic microwave radiation exposure at low-level induces DNA damage. Prolonged exposure may lead to neurodegenerative disorders. Although, the energy of microwaves is not sufficient directly to break a chemical bond in DNA, genotoxic effects may be mediated by indirect mechanisms such as generation of oxygen free radicals or a disturbance in DNA-repair processes. In order to minimize the exposure, safe limits with respect to frequency and duration of microwave radiation must also be prescribed in view of its increased use in society. However, knowledge of the possible health effects of microwave radiation is still inadequate and inconclusive. Though, the present study seems preliminary, this study is providing the evidence of the effect of microwave radiation at very low-level of exposure and at the lower, middle and upper frequency used in mobile telecommunication. Further exploration is needed to reach any concrete conclusion.
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